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profile of muscle deoxygenation following the onset of exercise can provide information regarding the adequacy of the vascular response and the pressures necessary for driving blood-muscle O 2 flux. Pmv O 2 can be measured directly using phosphorescencequenching techniques in experimental animals and interpreted as a measure of the Q O 2 /V O 2 (which is analogous to the inverse of O 2 extraction, i.e., as PO 2 falls, extraction rises) during transitions from rest-to-electrically stimulated contractions (6, 10, 16, 30, 44, 48, 51) . However, in humans, noninvasive near-infrared spectroscopy (NIRS) is often utilized to assess changes in muscle "deoxygenation/oxygenation", commonly expressed as "⌬HHb" (e.g., Refs. 13, 19, 20, 23) . It is true that the time course of muscle deoxygenation after the onset of exercise does resemble qualitatively the arteriovenous O 2 difference (Ca-v O 2 ) observed in separate investigations (24, 28, 34, 35) , suggesting that the contribution of intramyocyte myoglobin (Mb) to the NIRS signal might not appreciably distort the HHb and, therefore, Ca-v O 2 profile or kinetics.
Unfortunately, optical spectroscopy techniques, such as NIRS and visible light spectroscopy (VLS) do have the singular shortcoming that distinction cannot be made between hemoglobin (Hb) and Mb with regard to light absorption, and this has lead to contention regarding the proportional contribution of Mb as opposed to Hb in the muscle ⌬HHb optical spectroscopy profiles. Thus it is controversial whether Mb deoxygenation confounds measurement of vascular (Hb) deoxygenation. However, data from Hb-free rat preparations (55) and human muscle using 1 H-NMR (40) suggest that the contribution of Mb is minimal. In contrast, Tran et al. (58) , using 1 H-NMR in humans, Takakura et al. (57) using NIRS in rat muscle, and Marcinek et al. (41) using NIRS in both rat and human muscle, found evidence that Mb deoxygenation might contribute importantly to the overall "muscle" deoxygenation signal following the onset of contractions.
This situation is unfortunate because it clouds interpretation of the NIRS deoxygenation signal and weakens confidence that changes thereof can be used as an index of local O 2 extraction (Ca-v O 2 ), reflecting the V O 2 /Q O 2 in the capillaries. To our knowledge, whether the time course of the muscle deoxygenation signal obtained by optical spectroscopy (NIRS and VLS) is synonymous with that of Pmv O 2 following the onset of contractions remains to be resolved. Indeed, differences in their temporal profiles might yield important information regarding the participation of Hb and Mb deoxygenation in supplying O 2 to the mitochondria during metabolic nonsteady states. Direct measurement in humans is challenging because of the following. 1) It requires isolation of venous outflow from the exercising muscle [i.e., the femoral venous O 2 saturation includes blood flow through both active and inactive muscles, making estimation of mean Pmv O 2 problematic (19)].
2) The presence of arterial (or tissue)-to-venous sampling site transit delays, which may change from rest and throughout exercise, confounds temporal resolution of microvascular oxygenation profiles (3, 35) . 3) Skin blood flow changes during exercise and the presence of subcutaneous adipose tissue interposed between probe and muscle serve to contaminate the muscle NIRS signal (12, 18, 33) .
If optical spectroscopy-derived muscle deoxygenation profiles yield kinetics similar to that of Pmv O 2 for the identical muscle sample, this will substantiate that use of optical spectroscopy (such as NIRS) for muscle interrogation in humans can provide important information regarding V O 2 /Q O 2 relationships in the muscle microcirculation during exercise transients. Therefore, empirical assessment is required to determine to what extent the deoxygenation signal obtained by optical spectroscopy might be analogous to muscle Pmv O 2 during the transitions from baseline or low metabolic rates to the higher metabolic rates in the contracting musculature. We hypothesized that optical spectroscopy measurement of muscle deoxygenation kinetics following the onset of contractions would reflect closely that of intravascular deoxygenation (i.e., Hb) and thus be unaffected by the presence of intramyocyte Mb. Thus the temporal profiles of deoxygenation and Pmv O 2 in the muscle microcirculation were compared using a novel purpose-built system capable of simultaneous measurements of optical spectroscopy (muscle) and phosphorescence quenching (vascular space) in rat muscle. The experimental design adopted in the present study had several notable advantages as follows. 1) Phosphorescence-quenching measurements of Pmv O 2 are restricted to the vascular space (50) and reflect Pmv O 2 principally within the capillary blood, which constitutes the largest intramuscular vascular space (52) .
2) The overlying skin and any adipose tissue and fascia are removed; thus there can be no interference from extramuscular vascular spaces. 3) Sampling regions and volumes for the two methods can be matched closely.
METHODS
Animal selection and care. Male Wistar rats (n ϭ 14, Japan SLC, Shizuoka Laboratory Animal Center), 10 -14 wk of age, were used in this study. All rats were housed in a temperature-controlled room at 22 Ϯ 2°C with a light-dark cycle of 12 h and maintained on rat chow and water ad libitum. All procedures performed in this study conformed to the Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences (published by the Physiological Society of Japan) and were approved by University of ElectroCommunications Institutional Animal Care and Use Committee. All procedures for surgery, muscle stimulation, and muscle dissections were performed under pentobarbital anesthesia (70 mg/kg body wt).
Surgical preparation and experimental protocol. The rat was placed on a heating pad (38°C) to maintain body temperature. To monitor arterial blood pressure and heart rate (DX-100, Nihon Kohden), the left carotid artery was cannulated (PE50). This cannula also allowed for infusion of the phosphorescent probe [palladium mesotetra (4-carboxyphenyl) porphyrin dendrimer (R2)] at 15 mg/kg body wt.
The gastrocnemius muscle was exposed by a U-shaped skin incision to provide access for electrical stimulation and measurement of deoxygenation and PmvO 2 .
After the overlying skin was reflected and fascia was removed, the muscle surface was superfused with Krebs-Henseleit solution, equilibrated with 5% CO 2-95% N2 at 38°C and adjusted to pH 7.4. The phosphor R2 was infused via the arterial cannula ϳ15 min before initiation of the experiments, which were conducted in a darkened room to prevent contamination from ambient light.
Animals were divided into two measurement groups: 1) for the superficial muscle region, VLS and Pmv O 2 were measured in separate contraction bouts (n ϭ 5), because of the light interference at wavelengths of ϳ520 nm; and 2) time-resolved NIRS (deep muscle) and Pmv O 2 (superficial muscle) (n ϭ 9) were measured simultaneously. The gastrocnemius muscle was stimulated via the tibial nerve at 1 Hz for 3 min (3 V, 0.2-ms pulse duration) by electro-stimulator via a stimulus isolation unit (Nihon Kohden). This twitch muscle contraction profile provides a blood flow and metabolic response consistent with moderate-intensity exercise (2, 9) .
Pmv O 2 measurements. PmvO 2 was determined at 1-s intervals at rest and during the rest-to-stimulation transition for 3 min. The theoretical basis for phosphorescence quenching has been detailed previously (52, 53) . Briefly, the Stern-Volmer relationship describes quantitatively the O 2 dependence of the phosphorescent probe. R2 is a nontoxic dendrimer that binds completely to albumin at 38°C and pH 7.4, with a quenching constant of 409 mmHg Ϫ1 ·s Ϫ1 and lifetime of decay in the absence of O2 of 601 s under the physiological conditions extant herein (38) . In addition to binding with albumin, the net negative charge of R2 also facilitates restriction of the compound to the vascular space (38) . PmvO 2 reflects the PO2 primarily within the capillary blood (50, 52) .
To determine PmvO 2 , a PMOD 2000 frequency domain phosphorometer (Oxygen Enterprises, Philadelphia, PA) was utilized. The common end of the bifurcated light guide was placed ϳ2-3 mm above the medial region of the gastrocnemius muscle (i.e., superficial to dorsal surface), and blood was sampled within the microvasculature up to ϳ0.5 mm deep within a circular region ϳ2 mm in diameter (9) .
The phosphorometer employs a sinusoidal modulation of the excitation light (524 nm) at frequencies between 100 Hz and 20 kHz, which allows for phosphorescence lifetime measurements from 10 s to ϳ2.5 ms. In the single-frequency mode, 10 scans (100 ms) were used to acquire the resultant lifetime of the phosphorescence (700 nm) and were repeated every 2 s (8) . To obtain the phosphorescence lifetime, the logarithm of the intensity values was taken at each time point, and the linearized decay was fit to a straight line by least squares regression analysis.
Muscle deoxygenation measurements. Muscle deoxygenation profiles were measured with an optical spectroscopy system, i.e., VLS and time-resolved NIRS for the superficial and deeper muscle regions, respectively. The optodes (emitter and receiver) were placed on the muscle surface, thus ensuring fixed optode positions. The interoptode spacing between emitter and receiver were 2 and 10 mm for the superficial and deeper muscle regions, respectively. The depth of sampled region is approximately one-half of the distance between the emitter and the receiver (11) . Values for the muscle deoxygenation [deoxy(Hb ϩ Mb)], oxygenation [oxy(Hb ϩ Mb)], and the total (Hb ϩ Mb) were reported as a change (⌬) in concentration from the resting baseline.
For the superficial muscle region measurement, the VLS system (C9183, Hamamatsu Photonics K.K.) consists of a white laser-emitting diode source, a cooled charge-coupled device spectrometer, and a probe with two fiber-optic bundles and a personal computer. This system has been described previously (27) . The probe irradiates the tissue with white light, and the light transmitted through the surface layers of the tissue is collected via the probe for spectral analysis to measure the relative concentrations of the deoxy(Hb ϩ Mb), oxy(Hb ϩ Mb), and total (Hb ϩ Mb). Measurements were made at a frequency of 1 Hz, and these variables were calculated by least squares error curve-fitting based on the differential spectrum (520 -580 nm). The diameter of the fiber-optic bundles was 1 mm, and the distance between each fiber-optic bundle was 2 mm. The estimated measurement area was thus ϳ2 mm in width and 1 mm in depth. This facilitated close spatial matching of the temporal profiles of deoxygenation and Pmv O 2 in the muscle microcirculation of the superficial regions.
For the deeper muscle region, a time-resolved spectroscopy (TRS) NIRS system (TRS-20, Hamamatsu Photonics K.K.) was used to measure changes in muscle deoxy(Hb ϩ Mb), oxy(Hb ϩ Mb), and the total (Hb ϩ Mb) profiles. The principles of operation and algorithms utilized by the equipment have been described in detail elsewhere (46, 47) . The TRS consists of three light wavelengths (760, 795, and 830 nm) delivered by a picosecond light pulser with repetition frequency of 5 MHz and the full-width at half-maximum of 100 ps, a photomultiplier tube, and a time-correlated single-photon counting board (with constant fraction discriminators, time-to-amplitude converters, analog-to-digital converters, and histogram memories) to acquire temporal profiles of photons. The laser diodes and photomultiplier tube were connected to a lightweight plastic probe by optical fibers for single-photon detection. The time-correlated single-photon counting board is used for the parallel acquisition of time-resolved reflectance curves. The output frequency was selected as 0.5 Hz. In the present study, relative changes in absorption coefficient were achieved by application of the modified Beer-Lambert law using the relative change of light intensity and mean optical path length. The intensity can be obtained by integrating the temporal profiles. To our knowledge, the differential path-length factors for the rat gastrocnemius muscle are not known. Changes in deoxy(Hb ϩ Mb) and oxy(Hb ϩ Mb) were determined from the achieved relative changes in absorption coefficient. Calibration of the equipment was performed before each test, by measuring the instrument's responses when the input and receiving fibers face each other through a neutral-density filter in a black tube.
Modeling of deoxygenation and Pmv O 2 profiles. Individual responses of muscle deoxygenation and PmvO 2 responses during the exercise transitions were time-interpolated to 1-s intervals. The time-averaged signals were normalized such that the resting baseline value was adjusted to zero, and the end-exercise values set at 1.0. Curve fitting was accomplished by use of KaleidaGraph software (Synergy Software, Reading, PA) and was performed on the muscle deoxygenation and Pmv O 2 data by using a one-component exponential model with time delay (TD) by means of the following equations:
], where deoxygenation (t) is deoxygenation at time t; deoxygenation (b) is the resting baseline value; A is the asymptotic amplitude for the exponential term; TD is the duration from the onset of exercise to the onset of the primary component of deoxygenation; and is the time constant (19, 20, 23, 54) .
where PmvO 2 (t) is PmvO 2 at time t; PmvO 2 (b) is the resting baseline value; ⌬PmvO 2 (i.e., amplitude) designates the decrease of PmvO 2 from resting baseline to steady state during contractions; TD is the duration from the onset of exercise to the onset of the primary component of Pmv O 2 ; and is the time constant (e.g., Refs. 5, 7, 44).
Deoxygenation and PmvO 2 data were fit from the time of contractions onset to 180 s with the same one-exponential model. The TD and of both the muscle deoxygenation and Pmv O 2 responses were summed [mean response time (MRT)] to provide an indication of the overall response dynamics (4, 10, 13, 19, 20, 23, 32, 33, 54) . Goodness of model fit was determined via three criteria: 1) the coefficient of determination (i.e., r 2 ); 2) the sum of the squared residuals term (i.e., 2 ); and 3) visual inspection of data fit to the model.
Statistics. All statistical analyses were performed in Prism version 4.0 (GraphPad Software USA). A one-way ANOVA and NewmanKeuls post hoc test were used separately for each muscle deoxygenation (VLS and TRS-NIRS) and muscle vascular oxygenation (Pmv O 2 ). Measured values are presented as means Ϯ SE. Significance was established at P Ͻ 0.05.
RESULTS
The temporal profiles of muscle deoxygenation and Pmv O 2 of the superficial muscle region during transitions from rest to contractions in a representative sample are shown in Fig. 1 In the deeper muscle region sampled (ϳ5 mm depth), the TD for the NIRS-muscle deoxygenation was not different from that measured by VLS (10.5 Ϯ 2.6 s; P Ͼ 0.05), but, again, was significantly longer than that for Pmv O 2 for the superficial region. However, compared with the superficial (VLS) sam- Values are means Ϯ SE. VLS-superficial, visible light spectroscopy for the superficial fiber layers (n ϭ 5); TRS-deep, time-resolved near-infrared spectroscopy for the deeper regions (n ϭ 8); PmvO 2 , microvascular O2 partial pressure for the superficial fiber layers (n ϭ 9); TD, time delay of primary component; , time constant of primary component; MRT, mean response time over the primary component of the response (MRT ϭ TD ϩ ).
# Significantly different from VLS and TRS deoxygenation, P Ͻ 0.05. *Significantly different from VLS deoxygenation and PmvO 2 , P Ͻ 0.05. pling, a profound slowing of the muscle deoxygenation response occurred in the deeper, more Mb-rich, highly oxidative gastrocnemius regions using NIRS ( ϭ 42.3 Ϯ 6.6 s, MRT ϭ 52.8 Ϯ 6.1 s; P Ͻ 0.05) (Fig. 1) .
The profile of the total (Hb ϩ Mb) as measured by VLS and TRS elicited an increase following the onset of contractions (see Fig. 2 for representative sample). The total (Hb ϩ Mb) measured by TRS consistently increased from the onset of contractions, and any decreases observed by VLS were small in magnitude and inconsistent.
DISCUSSION
To our knowledge, this is the first investigation to compare the time course or kinetics of the muscle deoxygenation obtained by optical spectroscopy (Hb ϩ Mb, i.e., intravascular and intramuscular) and the Pmv O 2 (intravascular) for the same muscle regions during transitions from rest to electrically stimulated contractions. We hypothesized that, if optical spectroscopy measurement of muscle deoxygenation following the onset of contractions reflected purely intravascular deoxygenation (i.e., Hb) and was not contaminated by intramyocyte Mb deoxygenation, it would replicate faithfully that of Pmv O 2 . However, the TD of the VLS-measured deoxygenation was significantly longer compared with that for the phosphorescence-quenching Pmv O 2 , at least within the superficial sampling region. This suggests that the presence of Mb and any oxygenation changes that it undergoes prolongs the overall (Hb ϩ Mb) deoxygenation response beyond that of the Pmv O 2 . Notwithstanding this occurrence, the primary component of the exponential change for Hb ϩ Mb deoxygenation and overall response (MRT) were not different from the Pmv O 2 within the superficial muscle region. The muscle deoxygenation response measured using NIRS in the deeper regions was slower than the corresponding value for superficial muscle measured using VLS or Pmv O 2 . These data suggest that, within the superficial and, by extension, also deeper muscle regions, the primary component of the deoxygenation signal may be useful as a close approximation of local O 2 extraction (Ca-v O 2 ) dynamics in the muscle microcirculation during exercise transients in humans.
Methodological considerations. To compare the kinetics profile of muscle deoxygenation with phosphorescencequenching Pmv O 2 within the superficial muscle region, the VLS method was adopted since the visible light (wavelength of 500 -600 nm) is absorbed by Hb and Mb within the superficial layers. In contrast, the TRS-NIRS method was selected for measurement in the deeper muscle region because of the high penetration of the NIRS light (wavelength of 700 -900 nm) into the tissue. Although the two methods of optical spectroscopy in the present study used the absorption spectra of Hb and Mb with different wavelengths, both were able to measure continuously the muscle deoxygenation profiles during transitions from rest to contractions in the gastrocnemius.
In the present study, the R2 phosphorescent probe was used to measure the muscle Pmv O 2 in the superficial region, and prior measurements of Pmv O 2 in muscles composed of type I and type II fibers (45) were used to predict and interpret HHb kinetics. However, measurement of the Pmv O 2 in the deeper region is warranted. In this regard, the next generation of quenching probes (i.e., G2 and G3) has much greater light penetration within muscle compared with the R2 and offers the future prospect of direct comparison between NIRS and phosphorescence quenching at greater tissue depths (17, 59) .
Effects of Mb and Hb on muscle deoxygenation and Pmv O 2 kinetics.
NIRS light absorption changes in muscle reflect changes in oxygenation at the level of small blood vessels (small arterioles, venules, capillaries) and potentially intracellular sites of O 2 transport and utilization (40, 41, 58) . In the present study, the TD of the deoxygenation obtained by VLS and NIRS was significantly longer compared with that of the Pmv O 2 following contraction onset. This suggests that the Mb component in the myocytes of muscle tissue delays onset of the exponential rise of the deoxygenation signal (i.e., fall of the Q O 2 /V O 2 ), at least compared with that of Pmv O 2 . The extended TD of the VLS and NIRS deoxygenation compared with the Pmv O 2 is likely the consequence of different profiles of the O 2 dissociation curves for Hb and Mb and an overall damping of any changes in the Hb deoxygenation signal by intramyocyte Mb (57) .
The TD for the NIRS-muscle deoxygenation in the deeper muscle region was not different from VLS for the superficial region. One potential explanation for this behavior is that the presence of higher Mb contents in the deeper regions does not increase TD further, but somehow switches its effect to the much slower . However, it is more likely that, if the NIRS in the deeper regions samples more type I slow-twitch fibers, we would expect a slow microvascular deoxygenation profile, according to previous studies (8, 10, 45) , without the necessity for invoking any additional Mb effect per se. Specifically, the vascular control differences between type I and type II fibers, irrespective of any oxidative capacity or Mb differences, may produce this effect. To support this notion, measurement of the Pmv O 2 in the deeper region is warranted in future investigations.
There was an immediate decrease of the VLS and NIRS (Hb ϩ Mb) deoxygenation, suggesting that the increase in Q O 2 may have occurred at a faster rate than that of V O 2 following the onset of contraction (Fig. 1) . This profile is consistent with previous studies in humans (e.g., Refs. 13, 20, 23, 24, 32, 54) , but not in the majority of phosphorescence-quenching investigations in rat muscle (8) . DeLorey et al. (13, 14) suggested that the delay of increase in NIRS-derived (Hb ϩ Mb) signal following the onset of exercise reflects a complex balance between Hb/Mb deoxygenation, Q O 2 , and the effect of muscle contraction on microvascular volume, such that, while muscle O 2 uptake is most probably increasing during this period, an increase in HHb is "masked" by other factors that impact on the volume of Hb in the field of NIRS interrogation. Phosphorescence-quenching data (5, 9), as well as experiments in individual frog muscle fibers (31) and the dog gastrocnemiusplantaris complex (22) , have demonstrated that muscle V O 2 increases without discernible delay following the onset of muscle contractions. Therefore, in the present investigation, the disparity in profiles of Pmv O 2 (short TD and falling Pmv O 2 ) and deoxy(Hb ϩ Mb) [immediate fall in deoxy(Hb ϩ Mb)] measured in the same muscle regions over the first few seconds of contractions may offer important insights into whether a reduction of deoxygenated blood volume, anatomical sampling bias, or possibly Mb oxygenation changes influence this aspect of the VLS and NIRS profiles. The total (Hb ϩ Mb) measured by TRS consistently increased rather than decreased from the onset of contractions, and any decreases observed by VLS were small in magnitude and inconsistent. That Pmv O 2 was decreasing simultaneously with decreased deoxy(Hb ϩ Mb) may indicate that VLS preferentially samples larger vessels (arterioles), and, following the onset of contractions, this volume increases more quickly, and hence overall the vasculature becomes proportionally better oxygenated. One additional mechanism for this may be that increased blood (and O 2 ) flow through the arterioles decreases the fractional precapillary O 2 losses (49). On the other hand, it is difficult to envisage how, in the face of falling Pmv O 2 (predominantly sampling capillary blood), Mb might become more oxygenated. Several possibilities may be considered. 1) When Pmv O 2 is falling, V O 2 is rising faster than Q O 2 , and thus Hb saturation and arterial O 2 content are falling. However, 2) Mb may not be desaturating yet, due to its low P 50 (PO 2 at which Hb is 50% saturated with O 2 ) and the influx of oxygen from the vasculature. Thus Mb may be expected to have a longer delay before it deoxygenates appreciably. In addition, 3) the difference in signals may reflect differing sampling compartments, wherein Pmv O 2 is an intravascular signal, and Hb/Mb is a hybrid, intravascular/extravascular signal. Finally, 4) when the muscle is contracting, it will take up O 2 from the capillary bed surrounding it, causing Pmv O 2 to fall, but not all of the fibers may be active, so the Mb signal (being a composite) may take longer to fall due to the fact that some fibers are active (i.e., Mb desaturating) and some are not (i.e., Mb not desaturating).
Furthermore, one possibility is that the alkalinization of the intracellular milieu caused by phosphocreatine breakdown and associated H ϩ removal left-shifts the Mb-O 2 dissociation curve (e.g., Ref. 29) . However, this effect is expected to be modest, given the high resting intramyocyte PO 2 (Ͼ20 Torr) and the low P 50 (3) (4) (5) (8, 10, 45) . With respect to the VLS and NIRS muscle deoxygenation responses and reflecting the novelty of the present experimental model, there is no basis for comparison within rodents. In humans, the literature supports a substantial range of TD and and thus, by selection of appropriate studies and despite the difference we found superficially vs. deep, it is possible to find cross-species agreement for the deoxygenation parameters. Consequently, the deoxygenation kinetics of the superficial muscle region was within the range of values reported by DeLorey et al. (13) and Grassi et al. (23) for human quadriceps during moderate-intensity cycle ergometer exercise (i.e., TD, 8ϳ13 s; , 9ϳ14 s). With respect to the deeper gastrocnemius region, the TRS-NIRS data evidenced a longer than found superficially and, as such, cohere with more recent studies in humans (25, 26, 39) . Deep regions of rat gastrocnemius muscle contain proportionally more type I muscle fibers (ϳ50%, Ref. 15) , and this is expected to produce the longer compared with human quadriceps.
Within-muscle heterogeneity is evident in human quadriceps, such that some regions exhibit slower deoxygenation responses than others following the onset of cycle exercise (32, 33, 54) . Layec et al. (36) hypothesized that electrically induced twitch muscle contractions (EMS) might show a better matching of V O 2 /Q O 2 in human muscle such that the deoxygenation response was slowed. However, despite EMS improving muscle perfusion it did not affect the muscle deoxygenation (EMS; 17.7 Ϯ 14.2 s, voluntary contractions; 13.1 Ϯ 2.3 s control; nonsignificant) during a heavy constant-load exercise bout. One important consideration here is that, in the human quadriceps, NIRS samples through stratified fiber-type populations from superficial (more fast twitch) to deep (more slow twitch), such that the overall response may be intermediate between the two fiber populations (37) . This important consideration is dealt with in greater detail immediately below.
Deoxygenation kinetics in the superficial vs. deeper regions. One of the novel findings in the present study is that (thus the MRT) for the muscle deoxygenation in the deeper region was slower compared with the superficial area, which implies a higher Q O 2 /V O 2 at any given time following the onset of contractions. This response could be explained potentially based on the sampling of deeper regions containing proportionally more slow-(type I) than fast-twitch (type II) muscle fibers. Specifically Behnke et al. (10) (8, 21) . Moreover, diseases such as chronic heart failure [moderate severity (16) ] and diabetes (7, 48) can speed Pmv O 2 kinetics in the absence of substantial fiber-type transformations. In addition, exercise training acts to slow Pmv O 2 kinetics in the soleus (56), but not the spinotrapezius (42), muscles. Collectively, these investigations support that conditions that may alter the balance between the sensitivity of vasomotor control and muscle oxidative capacity can potentially impact Pmv O 2 kinetics independently from fibertype composition of the contracting muscle. 2) In animal muscles Mb concentration is stratified in concert with oxidative capacity across fiber types, such that Mb concentration is far greater in slow-and fast-twitch oxidative fibers than in fast-twitch glycolytic fibers (1). Hence, if Mb is indeed responsible for extending the TD in the superficial region, it would be expected that this effect might be greater in the deeper muscle regions, which it was not.
3) It is pertinent that, whatever Pmv O 2 differences exist between the deep vs. superficial muscle regions, the ability to sample each is not equal. For example, NIRS samples vessels up to ϳ1 mm in diameter (43) , meaning that small arteries and arterioles (and venules) may influence the signal, as well as capillary beds. The larger and more abundant vessels (in the deeper regions) will absorb the NIRS light to a greater extent than the smaller vessels in the superficial regions. Thus the NIRS signals from the deeper regions may be attenuated compared with those from the superficial regions.
In the deeper regions, where Pmv O 2 is expected to remain higher, the muscle deoxygenation occurs on the steeper portion of the Hb dissociation curve, and thus a faster, not slower, response might be expected. However, given that the NIRS deoxygenation and Pmv O 2 signals from the deeper regions contain unique/different profiles of O 2 exchange at individual sites of many microvessels with respect to rate of change, as well as starting and ending PO 2 , it might not be surprising that the overall result is close to exponential for both NIRS deoxygenation and Pmv O 2 .
In conclusion, within the superficial muscle region during transitions from rest to electrically stimulated gastrocnemius contractions, the TD for the muscle deoxygenation was significantly longer compared with that for the phosphorescence-quenching Pmv O 2 . However, neither the values nor MRTs were different for the two methods. These disparate TD responses suggest that the deoxygenation characteristics of Mb [see also Takakura et al. (57) ] are responsible for slowing the muscle deoxygenation response compared with Pmv O 2 . Using NIRS, the profound slowing of the overall muscle deoxygenation kinetics in the deeper, more Mb-rich, highly oxidative gastrocnemius regions is consistent with the far slower Pmv O 2 kinetics measured previously in muscles composed of a greater proportion of slow (type I) muscle fibers (10, 45) and supports this conclusion. Notwithstanding the proviso that TD may be lengthened by either the sampling of Mb or possibly vascular effects that may decrease the deoxy-Hb volume in the vessels upstream of the capillaries (i.e., arterioles), these data suggest that, within both the superficial and deeper muscle regions, the primary component of the deoxygenation signal may be a useful index of local O 2 extraction kinetics during exercise transients.
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